Introduction
Triggered by growing importance of sustainability in the chemical industry, biomass-derived chemicals have received extensive scrutiny.
1,2 Among many different biomass-based resources, wood-biomass, namely lignocellulose, is one of the most important and obvious candidates as a chemical feedstock because it is the most widespread natural organic material but is not suitable for human consumption as food. Although lignocellulose is known to be composed of three main components, cellulose, hemicellulose, and lignin, cellulose offers the most important chemical resource because of its clear and homogenous chemical structures. For example, its well-dened structure can enable a rational molecular design of the cellulose-based materials. Despite the promising characters of cellulose and its derivatives, their utilization has been minimal owing to their processing difficulties, most notably, their poor solubility in a wide range of solvents including both aqueous and organic solvents.
Since 2002 when Rogers and his co-workers found that cellulose can be dissolved in ionic liquids (ILs), a unique class of ionic solvents, 3 ILs have received increasing interests in biomass-related science and technology. 4, 5 Due to their attractive properties, in particular, large exibility in their design, ILs with tailored functionalities were designed and synthesized. [6] [7] [8] [9] [10] [11] [12] Among different functionalities that can be embedded in ILs, the incorporation of organocatalytic attributes is attracting a rapidly increasing attention in synthetic chemistry. ILs thus tailored can offer dual functionalities by acting simultaneously as a solvent for reactants and a catalyst for organic transformation reactions. 13 In view of ILs' advantage in dissolution of cellulose, [14] [15] [16] [17] [18] [19] such tailored ILs have been gradually integrated into cellulose related science. Recently, some of us reported that 1-ethyl-3-methylimidazolium acetate (EmimOAc) can serve not only as a facile solvent for cellulose but also as an activating reagent for a transesterication reaction of cellulose hydroxy groups with isopropenyl acetate (IPA) as an ester donating reagent (Scheme 1). 20 The synthetic protocol employed enabled facile and promising transesterication of cellulose without any additional catalysts and activating reagents. However, the Scheme 1 Schematic representation of the transesterification reaction of cellulose in EmimOAc.
reaction required fairly large reactant loadings, compared to acylation reactions with activated chemical reagents. This limits the applicability of the protocol in the eld of synthetic polymer chemistry. Therefore, the improvement on reaction conditions through an optimization of the synthetic protocol is clearly needed for practical applications.
In order to optimize the above-mentioned synthetic protocol, 20 a precise understanding of roles played by imidazolium-based ionic liquids (Im-ILs) in the transesterication reactions is needed. Such a rational optimization based on a detailed mechanistic understanding could help to realize, e.g., greener conditions for cellulose modication reactions. The catalytic activities of Im-ILs in a range of different reactions were proposed to be effected via (1) the spontaneous generation of N-heterocyclic carbenes (NHCs) 21, 22 from parental ILs [23] [24] [25] or (2) cooperative molecular recognition either by anions or by both the cations and anions of the ILs. [26] [27] [28] Another possibility that should be considered is the nucleophilic assistance by anions of the ILs. Herein, we investigate the ILs' roles and obtain molecular insight into the reaction mechanism by employing a model reaction system. On the basis of this understanding, we rationally optimize the transesterication reaction processes. In this article, we present (1) a mechanistic insight into the roles of Im-ILs for transesterication reactions obtained by a combined experimental and a computational study and (2) a positive co-solvent effect on the Im-ILs catalyzed transesterication reactions of cellulose in Im-ILs based on a precise understanding of the transesterication reaction mechanism.
Results and discussions
Organocatalytic properties of Im-ILs; analysis of catalytic roles of Im-ILs While EmimOAc acts as an efficient solvent for cellulose and also triggers transesterication of cellulose with IPA without any additional activators and catalysts as mentioned above, 20 dissolution of cellulose in differing environments is needed for a detailed study of the IL's catalytic roles per se. However, insolubility of cellulose in common organic and aqueous solvents makes it difficult to investigate this aspect and thus the mechanism of IL-activated transesterication reaction of cellulose. In order to facilitate the mechanistic analysis, we instead studied a more amenable reaction system by employing 2-phenylethyl alcohol (2-PA) and IPA as a nucleophile and an ester donating reagent, respectively. To test if this can provide a good model reaction system for cellulose, transesterication reaction of IPA and 2-PA was rst carried out under Ar atmosphere at 80 C in the presence of a catalytic amount of Table 1 indicate that ILs with weakly basic anions tend to lose their catalytic reactivity. This clearly demonstrates that the anion basicity plays a crucial role in the organocatalytic properties of Im-ILs. Nevertheless, this nding does not offer any decisive insight on the mechanism for the IL-catalyzed transesterication reaction. In fact, the catalytic activity enhancement with anion basicity observed here could rationalize any of the three mechanisms mentioned above, i.e., (1) catalytic reaction by NHCs generated spontaneously from parental ILs, (2) cooperative molecular recognition by IL ions, or (3) nucleophilic assistance by IL anions. We thus performed additional experiments, as well as DFT calculations, which we turn to next.
The key question we tackled is whether or not carbene species plays a crucial catalytic role in the transesterication processes. The proton at the C-2 position of imidazolium cations is rather acidic, so that its transfer to a base -if it occurs -generates carbene. It is widely conjectured that carbene thus produced participates directly in many reactions, such as benzoin condensation reactions, 24, 31 trapping reactions, 23 and CO 2 chemisorption, 32, 33 in Im-ILs featuring basic anions such as acetate. However, this is controversial in that NHCs have not been detected experimentally in many neat Im-ILs.
23,24,31
Furthermore, according to a recent theoretical work on CO 2 capture, the generation of NHC from EmimOAc is highly unlikely in a polar environment due to NHC's instability.
34
To gain insight into the catalytic mechanism of our transesterication reaction system and more broadly into the controversial issues surrounding carbene in Im-ILs, we modied the chemical structure of Im cations in a systematic and controlled way and analyzed its inuence on transesterication kinetics.
By employing 1,3-bis(2,6-diisopropylphenyl) imidazolium acetate (BiPrimOAc) and 1-ethyl-3-methyl benzimidazolium acetate (EMBnimOAc), the effect of substitutions at the N-1, N-3, C-4 and C-5 positions was rst investigated.
Comparison of the results in Table 2 ( activity of Im-ILs toward transesterication. Next, the effect of substitution at the C-2 position was examined. If the reaction is mainly catalysed by carbenes, chemical capping of the C-2 position of Im-ILs should lead to a major loss of the catalytic activity of ILs. As demonstrated in run 7 (Table 2) , transesterication between 2-PA and IPA was catalysed by 1-ethyl-2,3-dimethyl imidazolium acetate (EDmimOAc), whose C-2 position was masked with methyl group. While this result rationalizes the crucial role played by anions in the catalytic reactions, spontaneous generations of N-heterocyclic olens (NHOs) from parental ILs could not be excluded completely. Recently, NHOs were revealed to behave as an efficient organocatalyst for ringopening polymerization of epoxides and lactones. 35, 36 Therefore, the C2-phenyl capped Im-IL, 1-methyl-2-phenyl-3-ethyl imidazolium acetate (EMPhimOAc), was employed as a control compound, where deprotonation reactions from imidazolium skeleton could be completely shut out. As clearly demonstrated, a facile organocatalytic transesterication reaction was conrmed in the presence of EMPhimOAc, showing that EMPhimOAc can still act as an efficient organocatalyst for the transesterication reaction (run 8, Table 2 ). In addition, tetrabutylammonium acetate (TBAOAc) also catalyzed transesterication of 2-PA and IPA with a 27% conversion (run 9, Table 2 ). These experimental data provide clear evidence that the organocatalytic activity of Im-ILs in transesterication reactions is mainly due to the nucleophilic assistance by anions of the ILs. This is consistent with a recent theoretical study that the generation of NHC's in 1-alkyl-3-methylimidazolium acetate is very unlikely due to NHC's instability in a polar environment. 34 Computational analysis of organocatalytic properties of ImILs DFT calculations were performed to understand the experimental results on the transesterication reactions ( Fig. 1 and S3 †), in particular, the roles played by ILs. For efficient calculations, the imidazolium cation and the alcohol were modelled as 1,3-dimethylimidazolium (DMIM) and methanol, respectively. We rst investigated the reaction pathway in the absence of the ILs. DFT results indicate that barrier height for the reaction is rather high, 30.9 kcal mol À1 (Reac / 1TS 1 , Fig. 1 ), which explains no conversion in the absence of catalysts. Next, we studied the effect of the IL anion, acetate, on the energy prole of the reaction. As illustrated in Fig. 1 , acetate interacts strongly with the proton of methanol's hydroxy group (26.5 kcal mol À1 , Reac / 1Int 1 ). This leads to a signicant elongation of O-H bond by 0.04Å, which in turn changes the partial charge of the alcohol's oxygen from À0.60 to À0.70 (Fig. S1 †) . We would thus expect that the alcohol's oxygen becomes "activated" and hence enabled to react with carbonyl group of the ester. As expected, DFT predicts that the barrier height for the reaction between the [CH 3 OH/OAc] À complex and ester is 2.6 kcal mol
À1
, markedly lower than 30.9 kcal mol À1 in the absence of the anion above (1Int 1 / 1TS 2 , Fig. 1 ). This result is in good agreement with the experimental observation made above, i.e., an increase in the basicity of IL anions leads to a higher reaction conversion (Table 1 ). The transition state 1TS 2 eventually converts to products through an exothermic step of 1.1 kcal mol À1 (1TS 2 / Pro).
Turning to imidazolium cations, we mainly focus on the acidic hydrogen at the C-2 position, which tends to interact strongly with negatively charged sites compared to other ring or alkyl chain hydrogen atoms. It plays a signicant role in transesterication kinetics (run 1 vs. runs 7 and 8, Table 2 ), whereas chemical substitutions at other positions have only a minor effect as noted above. DFT predicts that the interaction of the acidic proton at the C-2 position of DMIM with the carbonyl oxygen of the ester induces a pronounced conformational deformation of the ester's skeleton -i.e., the latter changes from a planar to a twisted geometry (Fig. S2 in the ESI †). As such, the Im-ester interaction via the acidic proton and carbonyl oxygen is expected to exert a considerable inuence on the reaction energetics (Fig. S3 †) . According to DFT calculations, this interaction reduces the activation energy for transesterication by 2.8 kcal mol À1 (2Int / 2TS, Fig. S3 †) , compared to that in its absence (Reac / 1TS 1 , Fig. 1 ). This result is in concert with our experimental ndings above (run 5 vs. 8, Table 2 ). It is also noteworthy that the effect of the acidic proton is considerably weaker than that of the anion, as evidenced by the DFT results (2.8 vs. 28.3 kcal mol À1 in the barrier height reduction) and conrmed by experimental results (Tables 1 and 2 ). In view of the experimental and computational results discussed above, we propose a mechanism for the transesterication reaction of alcohol and ester catalyzed by Im-ILs as follows (Fig. 2) : rst, the O-H group of alcohol is activated by acetate anions, while the carbonyl group of ester is activated by interacting with the acidic proton of the ILs. Next, alcohol and ester thus activated couple to form a transition state, characterized by a strong C/O interaction between the two. Eventually, this activated complex becomes a product with the conversion of the C/O interaction to a new ester bond and the release of ions for the regeneration of the catalytic species (Fig. 2) .
A positive co-solvent effect on cellulose modication reactions in EmimOAc
In the transesterication mechanism proposed above, the catalytic behaviour of the Im-ILs is mainly due to nucleophilic assistance by IL anions of alcoholic species. Therefore the addition of an aprotic solvent, such as DMSO, as a co-solvent would have a large inuence on the reactions. Aprotic polar solvents are known to coordinate strongly with cationic species. 37, 38 Resulting solvation of cations would facilitate the dissociation of ion pairs and thus generation of "naked" anions, 37, 38 which would promote the reactivity of alcoholic species. With this expectation, an optimization of cellulose modication reactions in ILs was targeted. From synthetic chemistry perspective, the goal was to reduce the amount of ILs needed for reactions while maintaining high conversions. We rst studied the model reaction system to check whether or not the catalytic promotion via aprotic co-solvents could be realized. As expected, transesterication reaction of 2-PA and IPA was accelerated with the addition of DMSO, compared to transesterication in the absence of a co-solvent (Fig. 3) . Specically, the EmimOAc-catalyzed transesterication in the presence of DMSO reached a 42% conversion of 2-PA in 7 hours at 80 C, while that in the absence of DMSO yielded only an 18% conversion during the same period. This experimental result conrms that an addition of DMSO as a co-solvent accelerates the IL-catalyzed transesterication reactions.
Encouraged by the positive co-solvent effect on the transesterication reactivity, we nally aimed to optimize the cellulose modication reactions in ILs. In a very recent study, it was found that transesterication reactions of cellulose with IPA in EmimOAc yielded a smooth conversion to cellulose acetates with a high degree of substitution (DS). 20 One notable drawback of the synthetic protocol employed there is a need to use ILs as a solvent, which requires a large amount of ILs. This places a signicant restriction on its practical application from both synthesis and cost perspective because ILs are very viscous and expensive. In addition, as noted above, the protocol used there requires rather high reactant loadings when compared to acylation reactions with activated carbonyl compounds such as acid chlorides and acid anhydrides. Thus, the target of the optimization of the IL-catalyzed transesterication of cellulose was to reduce the required amount of both the ILs and reactants while maintaining the high conversion rate. For this, a mixed solvent system composed of EmimOAc and DMSO was employed not only because DMSO addition could accelerate the transesterication reactions but also because DMSO has been known not to disturb cellulose dissolution processes due to its high polarity. 37, 39, 40 Cellulose modication reactions in the DMSO/ EmimOAc mixed solvent system was conducted by varying the DMSO/EmimOAc mixing ratio (Table 3) . As a reference, DMSO was used as a co-solvent while keeping the originally reported reaction conditions (run 10, Table 3 ). It is remarkable that compared to this reference, we were able to reduce EmimOAc by 93% while maintaining the high DS value ($2.9) for the cellulose acetate product (run 14, Table 3 ). Along with a successful reduction in the amount of ILs, we were able to reduce the reactant loading markedly (Fig. 4) . The initial IPA concentration was reduced by 85% while maintaining the high DS value ($2.9) for cellulose acetate. 41 The combined experimental/theoretical analysis presented here demonstrates that mechanistic understanding could play a very useful and important role in the design and optimization of reaction systems.
Conclusions
We provided molecular insights into the organocatalytic properties of imidazolium salts for transesterication reactions. Experimental and computational analysis of a model reaction system indicates that transesterication is most probably catalysed by the anionic species of ILs. The mechanistic consideration of IL-catalyzed reactions successfully led to a positive cosolvent effect on cellulose modication reactions in IL-based solvent systems. More broadly, the mechanistic insights obtained here for Im-ILs will be very useful in molecular design of next-generation of organocatalysts.
Experimental section
Materials EmimOAc (95%) was available from Kanto Chemical Co., Inc., and used without further purication. IPA was available from the Sigma-Aldrich Chemicals Co., and used as received. As a cellulose source, Avicel PH-101 was purchased from SigmaAldrich Chemicals Co. BiPrimCl, 42 EMPhimBr 43 and EMBnimBr 44 were synthesized according to reported protocols. The apparent molecular weight of the avicel was determined by size exclusion chromatography (SEC) measurements in THF with H NMR measurements in DMSO-d 6 . Fig. 4 Effect of the IPA-to-hydroxy-group ratio on the transesterification reaction efficiency in EmimOAc/DMSO mixed solvent systems (line; guidance). The reaction conditions are as follows; EmimOAc as a solvent and an organocatalyst; EmimOAc/cellulose (wt ratio) ¼ 2.5; 4 mL of DMSO was used as a co-solvent; Ar atmosphere; the reactions were conducted for 18 hours.
polystyrene calibrations of carbanilated cellulose sample (reacted with phenyl isocyanate). The carbanilation reaction was carried out essentially according to a previously reported method. 45 The apparent number average degree of polymerization of original cellulose was calculated to be 105. All other chemicals were commercially available and used without further purication unless otherwise stated.
Instruments
All the 1 H and 13 C NMR spectra in solution were recorded by JEOL 400 and 600 MHz FT-NMR spectrometers in deuterated solvents, and the chemical shis (d) were given in ppm with either the solvent peak or TMS as the internal standard. The IR spectra were recorded by a Thermo Fisher Scientic Nicolet iS10 equipped with an ATR unit.
Experimental procedures
Synthesis of various imidazolium salts. In principle, all imidazolium salts were prepared based on the previously reported ion-exchange method starting from corresponding halide salts. 46 Although synthesis of EDmimOAc was already reported, a synthetic protocol for the ion-exchange was slightly modied according to the previously reported method.
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Thus, synthesis of EDmimOAc and BiPrimOAc was also briey included.
Typical procedure for ion-exchange protocol to produce acetate-based imidazolium salts starting from corresponding halide salts. As an example, synthesis of 1-methyl-2-phenyl-3-ethyl imidazolium acetate (EMPhimOAc) is described: under open conditions, a water/MeOH solution containing acetic acid (water/MeOH/AcOH ¼ 50/50/1, v/v/v) was passed through a column lled with Amberlyst A26 hydroxide form. The excess AcOH in the column was removed by passing through water/ MeOH solutions. Then, a 200 mL MeOH solution of 1-methyl-2-phenyl-3-ethyl imidazolium bromide (3.0 g, 11.9 mmol) was passed though the acetate anion trapped column. The DS values were calculated using the following equation:
DS ¼ 3 Â peak area 1:5À2:3 ppm 3 peak area 1:5À2:3 ppm 3 þ peak area 7À8:5 ppm 5
In order to avoid potential overlapping of the aromatic protons and solvent peak, NMR measurements were conducted in DMSO-d 6 .
DFT calculations. DFT calculations were performed to investigate possible mechanisms of the transesterication reaction promoted by imidazolium-based ionic liquids. The Synchronous Transit-Guided Quasi-Newton (STQN) method is used for locating of transition states. 47, 48 The partial atomic charges are determined with the electro-static potential (ESP) method. [49] [50] [51] The Gaussian 09 package is used for geometry optimizations with the B3LYP hybrid density functional and 6-31G(d,p) basis sets. [52] [53] [54] [55] 
